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ABSTRACT 18 
Inhibition by ammoniacal nitrogen, consisting of free ammonia (NH3) and ammonium ion 19 
(NH4+), has been widely investigated for anaerobic digestion. However, despite the large 20 
amount of research on the subject, ammoniacal nitrogen inhibition still threatens many 21 
anaerobic digesters. This paper presents (i) a method to reliably characterise ammoniacal 22 
nitrogen inhibition and (ii) a robust inhibition modelling approach. Results showed that NH3 23 
and NH4+ inhibition need to be jointly determined, which can only be done by performing 24 
inhibition tests at various total ammoniacal nitrogen (TAN) concentrations and pH values. 25 
These test conditions were reliably achieved using the salts NH4HCO3 and NH4Cl without pH 26 
adjustment, rather than by using NH4Cl with pH adjustment. The use of only salts showed a 27 
lower pH change during the inhibition test (~1.5 days), thereby decreasing the uncertainty in 28 
TAN speciation and strengthening the test and model outputs. A threshold inhibition function 29 
satisfactorily described (R2 >0.99) the joint inhibition of NH3 and NH4+ on three distinct 30 
inocula, and provided a better description of the inhibition testing results than a non-31 
competitive inhibition function (R2 ~0.70). The key advantage of the proposed threshold 32 
inhibition function is its capacity to identify the inhibition lower limit (concentration where 33 
inhibition starts; KImin) and upper limit (concentration where inhibition is complete; KImax). 34 
The threshold inhibition function also identifies the 50% inhibition concentration (KI50) at the 35 
midpoint of KImin and KImax. Finally, experimental and model results show that at pH 7.3-7.7 36 
and TAN concentrations above 2000 mgN·L-1, both NH3 and NH4+ contribute significantly to 37 
overall inhibition. 38 
39 
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1. INTRODUCTION 40 
Anaerobic digestion (AD) is a mature technology to transform municipal and industrial 41 
organic wastes and wastewaters into methane-rich biogas as a renewable energy source 42 
(Mata-Alvarez et al. 2000, van Lier et al. 2015). AD is a complex microbial-mediated process 43 
involving several biological and physico-chemical reactions, which when combined with 44 
multifarious microbial inhibition risks have limited the application of anaerobic technologies. 45 
Ammoniacal nitrogen, including free ammonia (NH3) and ammonium ion (NH4+), is a 46 
common inhibitor of AD systems produced during degradation of nitrogenous organic matter 47 
(e.g. protein, amino acids, urea and nucleic acid) (Chen et al. 2008, Rajagopal et al. 2013, 48 
Yenigün and Demirel 2013). High total ammoniacal nitrogen (TAN) concentrations occur 49 
when treating nitrogen-rich substrate (e.g. animal manure, slaughterhouse waste). However, 50 
high TAN concentrations can also result from changes in operational conditions (e.g. loading 51 
rate), supernatant/solids recirculation (e.g. recuperative thickening), waste pre-treatment (e.g. 52 
waste activated sludge thermo-hydrolysis) and/or the addition of a N-rich co-substrate (e.g. 53 
cheese whey) (Cobbledick et al. 2016, Mata-Alvarez et al. 2014, Ramirez et al. 2009). The 54 
speciation of TAN into NH3 and NH4+ depends on medium ionic strength, pH and 55 
temperature, with pKa (logarithmic acid dissociation constant) of 8.95 and 8.41 at 35 °C and 56 
55 °C, respectively (Batstone et al. 2002, Hafner and Bisogni Jr 2009, Patón et al. 2018, 57 
Solon et al. 2015). Therefore, at typical anaerobic digester pH values (i.e. 7 – 8), small 58 
variations in pH lead to substantial change in TAN speciation. 59 
 60 
Both NH3 and NH4+ have been reported as concurrent inhibitors of methanogenic activity 61 
(Hadj et al. 2009, Lay et al. 1998). However, the emphasis has usually been on NH3, because 62 
it is considered the most inhibitory form (Kayhanian 1999, Rajagopal et al. 2013). Most 63 
studies have assessed the impact of ammoniacal nitrogen on AD process performance in 64 
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terms of TAN and/or NH3 concentrations (Rajagopal et al. 2013, Yenigün and Demirel 2013). 65 
Nonetheless, as demonstrated by the few publications studying ammoniacal nitrogen 66 
inhibition at various TAN concentrations and pH values, taking only NH3 concentration as 67 
inhibitor factor cannot accurately describe observed inhibition (Akindele and Sartaj 2018, 68 
Hadj et al. 2009, Lay et al. 1998, Nakakubo et al. 2008, Tian et al. 2018). This is especially 69 
important at high TAN concentrations, where both NH3 and NH4+ can be significant 70 
inhibitors. On the other hand, using TAN concentration as a sole factor of inhibition does not 71 
allow differentiation between NH3 and NH4+ inhibition. Especially, since NH3 can be more 72 
harmful than NH4+ and minor changes in pH can affect the observed inhibition (Rajagopal et 73 
al. 2013). 74 
 75 
Inhibition testing (also known as anaerobic toxicity assay, ATA) has been widely used to 76 
quantify the inhibitory capacity of a compound in AD (Owen et al. 1979, Rozzi and Remigi 77 
2004, Soto et al. 1993a). Acetoclastic methanogens, in particular Methanosaeta, are 78 
considered to be most sensitive microorganisms to inhibition in AD systems (De Vrieze et al. 79 
2015, Fotidis et al. 2014). Therefore, inhibition testing has focused on the response of 80 
specific methanogenic activity (SMA) to a range of inhibitor concentrations (Lu et al. 2018, 81 
Rozzi and Remigi 2004). The inhibition potential of biostatic inhibitors (e.g. NH3 and NH4+) 82 
is typically described by an inhibition coefficient (KI50), representing the concentration at 83 
which the SMA is half the maximum (Batstone et al. 2002). Reported KI50 values for NH3 84 
and TAN show an enormous variability, with values ranging from 0.05 to 1.4 gNH3-N·L-1 85 
and from 1.7 to 14 gTAN·L-1, respectively (Chen et al. 2008, Rajagopal et al. 2013, Yenigün 86 
and Demirel 2013). Chen et al. (2008) attributed the substantial differences in KI50 values to 87 
several factors, such as substrate type, anaerobic community composition, environmental 88 
conditions and acclimatisation periods, but also to differences in experimental techniques. 89 
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The relevance of ammoniacal nitrogen inhibition in AD research and applications requires a 90 
reliable methodology to differentiate between NH3 and NH4+ inhibition as well as to reliably 91 
determine inhibition parameters, thereby preventing incorrect interpretations of inhibition test 92 
results. 93 
 94 
Inhibition testing also provides data for inhibition modelling to elucidate the response of a 95 
microbial community to different inhibitor concentrations (Rozzi and Remigi 2004). NH3 96 
inhibition was initially modelled by Hill and Barth (1977) using an uncompetitive inhibition 97 
model on the kinetic growth of methanogens, a model where the inhibitor affects both the 98 
overall uptake rate and the substrate affinity (Pavlostathis and Giraldo‐Gomez 1991). Later 99 
work (Angelidaki et al. 1993, Siegrist et al. 1993) utilised a non-competitive switching 100 
function, which linearly affects uptake rate (or growth rate) through a standard continuous 101 
inhibition function, as used in many other models (e.g., ASM1; Henze et al. (1987)). The 102 
non-competitive function was the standard for NH3 in early AD modelling publications 103 
(Keshtkar et al. 2001, Kiely et al. 1997, Mussati et al. 1998) and was later recommended in 104 
the IWA Anaerobic Digestion Model No. 1 (ADM1) for NH3 inhibition and other biostatic 105 
inhibitors (Batstone et al., 2002). However, the sigmoidal inhibition pattern observed in 106 
practice for NH3 (Astals et al. 2015, Hadj et al. 2009, Nakakubo et al. 2008) does not 107 
resemble the inhibition pattern described by the non-competitive inhibition function (concave 108 
up, decreasing). Recent work has identified that a threshold-style inhibition function 109 
(analogous to the empirical equation used in the ADM1 for pH inhibition) is more suitable to 110 
represent changes in methanogenic activity with varying inhibitor concentrations (Arnell et 111 
al. 2016, Batstone et al. 2015). This is primarily due to the identification of a lower limit 112 
(concentration below which there is no inhibition) and an upper limit of inhibition 113 
(concentration above which there is complete inhibition), which are aspects of practical 114 
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importance and yet cannot be represented by the non-competitive model. 115 
 116 
The main goal of this study is to develop and validate a robust inhibition method for 117 
ammoniacal nitrogen, which identifies the separate impact of NH3 and NH4+. This research 118 
also examines the modelling of NH3 and NH4+ inhibition to provide a better understanding of 119 
ammoniacal nitrogen inhibition in anaerobic systems.  120 
 121 
2. MATERIALS AND METHODS 122 
2.1. Chemical reagent and inoculum source 123 
All test reagents were analytical reagent grade. Anhydrous sodium acetate (Chem-Supply, 124 
Australia) was used as carbon source as per Astals et al. (2015). Ammonium chloride (Merck, 125 
Germany) and ammonium bicarbonate (Sigma-Aldrich, US) were used as TAN source. 126 
 127 
The inocula used in this study were: 128 
(i) digested pig manure (DPM) from well-mixed 4-L lab-scale digesters operating at 37 129 
°C, a hydraulic retention time (HRT) of 20 days and an organic loading rate (OLR) of 130 
0.5 gVS·L-1·day-1. 131 
(ii) digested sewage sludge (DSS) from a mixed mesophilic 5500 m3 digester treating 132 
primary and secondary sludge (1:1 ratio on a volume-basis) at a HRT of 23 days 133 
located in South East Queensland, Australia. 134 
(iii) digested slaughterhouse wastewater (DSHW) from the settled sludge layer (~3 m 135 
depth) of an anaerobic lagoon treating combined wastewater from a cattle-only meat 136 
processing facility in New South Wales, Australia. The lagoon operates in the 137 
mesophilic temperature range and has not been desludged in >10 years. 138 
 139 
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2.2. Inhibition test method 140 
Inhibition testing was performed following the method described by Astals et al. (2015). 141 
Specifically, serum bottles (115 mL) contained (i) 80 mL of inoculum, (ii) the amount of 142 
sodium acetate solution (200 gacetate·L-1) needed for an inoculum-to-acetate ratio of 5 (volatile 143 
solids-basis), and (iii) the amount of ammonium salt (i.e. ammonium chloride or ammonium 144 
bicarbonate) needed to reach a specific TAN concentration. Control tests (inoculum and 145 
sodium acetate only) were run for each inoculum and each experimental condition. DSS 146 
inoculum was diluted with deionised water prior testing to a volatile solid (VS) concentration 147 
of 10 gVS·L-1 following Astals et al. (2015). DPM and DSHW were not diluted, because 148 
their VS concentrations were already below 10 gVS·L-1 (5.2 and 3.0 gVS·L-1, respectively). 149 
The pH of each serum bottle was measured once all reagents had been added, just before the 150 
headspace of the bottles was flushed for 30 s (4 L·min-1) with 99.99% N2. During headspace 151 
flushing, the gas line was not submerged into the test medium. The bottle was then sealed 152 
with a butyl rubber septum and aluminium crimp seal and placed in a temperature-controlled 153 
incubator at 37 ± 1 ºC. The specific methanogenic activity (SMA) of each serum bottle was 154 
determined through three sampling events (approximately at 0.5, 1.0 and 1.5 days), whereat 155 
the headspace pressure increase and methane concentration were quantified using a bench-top 156 
manometer and a gas chromatograph, respectively. Methane production is expressed in grams 157 
of chemical oxygen demand (gCOD-CH4). Acetate degradation was not completed during the 158 
inhibition tests to assure zero-order kinetics when determining the SMA (Astals et al. 2015, 159 
Soto et al. 1993a). The pH of each test bottle was also measured just after the final sampling 160 
event (~1.5 days). All conditions were tested in triplicate, including control conditions. 161 
 162 
Table 1 summarises the test conditions of the three sets of experiments carried out to develop 163 
and validate the inhibition methodology. The experimental details of each of the experiments 164 
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are as follows: 165 
 166 
Experiment 1: Evaluate the impact of the TAN source and pH 167 
To determine the impact of the TAN source and pH on inhibition threshold and pattern, a 168 
series of tests were performed using ammonium chloride (NH4Cl) or ammonium bicarbonate 169 
(NH4HCO3) at four different added TAN concentrations (added as 2, 3, 4 and 5 gTAN·L-1) 170 
and without pH adjustment. An extra set of tests was also carried out with NH4Cl and with 171 
pH adjustment, since this strategy has been previously used in the literature to differentiate 172 
the inhibitory impact of NH3 and NH4+ (Hadj et al. 2009, Lay et al. 1998). In this last set of 173 
tests, pH was dropwise adjusted at the beginning of the assay with 4M NaOH to 7.40 to 174 
match the pH of the control assay. Digested pig manure (DPM) was used as inoculum. 175 
 176 
Experiment 2: Assess the impact of inoculum dilution 177 
Based on the outcome of Experiment 1, a second series of tests was carried out to assess the 178 
impact of inoculum dilution (i.e. the initial volatile solids concentration) on test performance. 179 
Specifically, digested sewage sludge (DSS) was diluted with deionised water to 10 gVS·L-1 180 
(1:1 dilution) and 5 gVS·L-1 (1:3 dilution). In this test, NH4Cl or NH4HCO3 was used to 181 
provide five different TAN concentrations without pH adjustment. The added TAN 182 
concentrations using NH4Cl were 0.5, 1, 3, 5 and 8 gTAN·L-1, while the added TAN 183 
concentrations using NH4HCO3 were 0.5, 1, 2, 3 and 5 gTAN·L-1. 184 
 185 
Experiment 3: Validate the proposed methodology 186 
A further validation test set was then performed using another distinct inoculum in terms of 187 
substrate type and digester configuration, namely digested slaughterhouse wastewater 188 
(DSHW). As in Experiment 2, either NH4Cl or NH4HCO3 (without pH adjustment) was used 189 
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to provide different TAN concentrations and pH values. The five added TAN concentrations 190 
using NH4Cl were 0.5, 1, 3, 5 and 8 gTAN·L-1, while the five added TAN concentrations 191 
using NH4HCO3 were 0.5, 1, 2, 3 and 5 gTAN·L-1. 192 
 193 
2.3. Analytical methods 194 
Analyses of the total fraction were performed directly on raw samples. For analyses of the 195 
soluble fraction, samples were centrifuged at 2,500 × g for 5 minutes and the supernatant 196 
filtered through a 0.45 µm PES Millipore® filter. Total solids (TS) and VS were measured for 197 
each inoculum according to Standard Method 2540G (Eaton et al. 2005). pH was measured 198 
with a TPS WP-80D multi-parameter meter equipped with a TPS-121210 micro pH sensor. 199 
The pH sensor was calibrated prior to its use with two Certipur® pH standards (Merck 200 
KGaA, Germany) at pH 7.00 and 9.00, at room temperature (23 °C). pH readings were not 201 
temperature-compensated, but were measured at 25 - 30 °C. TAN was determined using a 202 
Lachat Quick-Chem 8500 flow injection analyser following the manufacturer’s protocol. NH3 203 
concentration was calculated by means of equation 1, with activity coefficients (γ0 and γ1) to 204 
correct for non-ideal conditions (Note I in the supplementary material explains activity 205 
correction calculations). NH4+ concentration was the difference between TAN and NH3 206 
concentration. In equation 1, TAN concentration includes both the concentration supplied by 207 
the inhibitor and by the inoculum background, and pH is the average value between the initial 208 
(before flushing the headspace of the test bottle with N2) and the final pH (just after opening 209 
the bottles following the last sampling event). The acid-base equilibrium constant for 210 
ammonium nitrogen (Ka) at the assay temperature (37 °C) is 1.27·10-9.  211 
S = ∙	∙∙	         (eq. 1) 212 
Biogas composition (CH4, CO2, H2 and N2) was determined using a Shimadzu GC-2014 213 
loop-injection GC equipped with a Valco GC valve, a HAYESEP Q 80/100 packed column 214 
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and a thermal conductivity detector. 215 
 216 
2.4. Data analysis  217 
All analyses were performed in triplicate and errors were estimated as the 95% confidence 218 
interval in a mean value for the three samples using a two-tailed student t-distribution with 219 
two degrees of freedom. 220 
  221 
Values of the SMA were determined as the slope of a linear regression fit (Analysis Toolpak 222 
in Microsoft Excel 2016) applied to the specific methane production (gCOD-CH4·g-223 
1VSinoculum, y-axis) and time (x-axis) for subsets of data over which the rate of methane 224 
production was approximately constant over time. The inhibition model coefficient of 225 
determination (R2) was calculated according to equation 2; where yi are the experimental 226 
values, ŷi are the predicted values, and ӯi is the mean of the experimental values. 227 
R = 1 − ∑ŷ ∑ӯ         (eq. 2) 228 
 229 
2.5 Inhibition modelling 230 
Mathematical analysis of the inhibition test data was based on the change in SMA from its 231 
maximum value (SMAmax, obtained from the non–inhibited control tests) with increasing 232 
NH3 and NH4+ concentrations. As can be seen in equation 3, the inhibition modelling 233 
included distinct inhibition terms for NH3 (INH3) and NH4+ (INH4+). 234 
SMA = SMA$%& ∙ I( ∙ I)      (eq. 3) 235 
 236 
Two inhibition functions were tested, namely; (i) a non-competitive inhibition function 237 
(equation 4) and (ii) a threshold inhibition function, analogous to the empirical equation used 238 
in the ADM1 for pH inhibition (equation 5). 239 
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I& = * +,-./012        (eq. 4) 240 
where [Si] is the inhibitor concentration (NH3 or NH4+), and KI50 is the inhibitor 241 
concentration that halves the specific methanogenic activity (i.e. SMA = 0.5·SMAmax). 242 
I& = 3 1																																								; 		if	[S8] ≤ KI$8<	e.??@A* B+,-./CDEB./CF./CDE2
 
; 		if	[S8] > KI$8<     (eq. 5) 243 
where, besides the above described, KImin is the inhibitor concentration where inhibition 244 
starts (onset concentration), and KImax is the inhibitor concentration at which the inhibition is 245 
almost complete (SMA=0.06·SMAmax). The KI50 of the threshold inhibition function is the 246 
arithmetic average (midpoint) of KImin and KImax. In equation 5, the exponent 2 provides a 247 
progressive increase in inhibition above the threshold concentration (an exponent <2 gives a 248 
decreasing effect at increasing inhibitor concentrations, while an exponent >2 provides an 249 
excessive acceleration in inhibition). The constant number 2.77259 ensures that the 250 
arithmetic average of KImin and KImax equals KI50 (i.e. KI50=(KImin+KImax)/2). 251 
 252 
The parameter covariance matrix, calculated to quantify the correlation between model 253 
parameters, was obtained by equation 6 (Montgomery 2012); where SSR is the sum of 254 
squared residuals, n-p is the number of degrees of freedom, and X is the Jacobian matrix. 255 
CovBβLE = XNXSSR/n − p      (eq. 6) 256 
 257 
3. RESULTS 258 
3.1. Impact of TAN source and pH on inhibition response  259 
Fig. 1 plots the change in SMA against NH3 (Fig. 1a) and NH4+ (Fig. 1b) concentrations for 260 
experiment 1, when using NH4HCO3, NH4Cl without pH adjustment, or NH4Cl with pH 261 
adjustment on DPM inoculum. Results showed that test conditions strongly influenced 262 
inhibition test outputs (inhibition threshold and pattern), which was directly related to TAN 263 
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speciation (i.e. concentration of NH3 and NH4+) as affected by pH of the digestion media. 264 
NH4Cl is an acidic salt and decreases the pH of the test medium, while NH4HCO3 is an 265 
alkaline salt and increases the pH of the test medium. Table SI in the supplementary material 266 
presents the initial, final and average pH values of the inhibition tests. Fig. 1 shows that tests 267 
with higher pH (NH4HCO3 > NH4Cl with pH adjustment > NH4Cl without pH adjustment) 268 
were more inhibited at low NH4+ values, but less inhibited at high NH3 values. These 269 
observations clearly show an interdependence between NH3 and NH4+ inhibition caused by 270 
pH.  271 
 272 
The experiment 1 results also showed that, despite a short testing time (~1.5 days), there was 273 
a pH drift during the inhibition tests (see Table SI). The pH drift/decrease was particularly 274 
notable when using NH4Cl with pH adjustment tests, possibly caused by a number of 275 
physico-chemical processes converging to an end-point pH in the complex sludge matrix. A 276 
pH drift is of key concern for robust inhibition measurements, because a small change in pH 277 
translates into a substantial change in NH3 concentration. To illustrate this, Fig. SI in the 278 
supplementary material shows Fig. 1 inhibition profiles when the NH3 concentration is 279 
calculated using the initial, final or average pH. These results suggested that, to reliably 280 
differentiate the impact of NH3 and NH4+ on ammoniacal nitrogen inhibition, it is preferable 281 
to use only salts (NH4HCO3, NH4Cl) rather than NH4Cl with pH adjustment. 282 
 283 
3.2. Inhibition modelling 284 
The threshold inhibition function (equation 5) satisfactorily fitted the experimental data (R2 = 285 
0.99) of the first series of tests (see Fig. 1), whereas the non-competitive inhibition function 286 
(equation 4) did not (R2 = 0.68) (see Fig. SII in the supplementary material). The 287 
combination of non-competitive inhibition for NH3 (as in ADM1) and threshold-style 288 
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inhibition for NH4+ also did not provide a satisfactory fit of the data (R2 = 0.88). The 289 
comparison of the different models using an F-test confirmed that the threshold inhibition 290 
function was statistically better than the non-competitive inhibition function or a combination 291 
of the two approaches (p<0.0001). 292 
 293 
The model outputs from the threshold inhibition function for DPM (Table 2) indicated that 294 
NH3 was inhibitory at concentrations as low as 15 mgNH3-N·L-1 and that acetoclastic 295 
methanogenesis was completely inhibited at and above 130 mgNH3-N·L-1. For NH4+, 296 
concentrations needed to reach 2700 mgNH4+-N·L-1 to start inhibiting (the onset 297 
concentration) and inhibition was complete at NH4+ concentrations above 4800 mgNH4+-N·L-298 
1
. The model correlation matrix showed that the inhibition parameters had a weak to 299 
moderate correlation, indicating that the NH3 and NH4+ inhibition parameters were 300 
independent of each other and that the model was not over-parameterised (see Table SII in 301 
the supplementary material). 302 
 303 
Fig. 2 shows the overall degree of inhibition on SMA caused by the combined impact of NH3 304 
and NH4+, where 1 means total inhibition and 0 means no inhibition. Fig. 2 was generated 305 
using the inhibition parameters for DPM in Table 2. The graph clearly identified five 306 
different zones of inhibition: (i) zone of no significant inhibition (white colour); (ii) zone 307 
where inhibition is dominated by NH4+ (red colour); (iii) zone where inhibition is dominated 308 
by NH3 (blue colour); (iv) zone where NH3 and NH4+ have an equal contribution to inhibition 309 
(purple colour); and (v) a zone of complete inhibition (black colour). From an inhibition point 310 
of view, the most remarkable observation from Fig. 2 was that at pH 7.3-7.7 (a common pH 311 
in many anaerobic systems) and TAN > 2000 mg·L-1 (relevant for many AD systems) both 312 
species made a similar contribution to overall inhibition. This observation supported that both 313 
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NH3 and NH4+ need to be jointly considered when performing inhibition studies on 314 
ammoniacal nitrogen. 315 
 316 
3.3. Impact of inoculum dilution 317 
As shown in Fig. 3, inoculum dilution did not have a major impact on the inhibition results. 318 
This observation is further supported by the model outputs of the threshold inhibition 319 
function since inhibition parameters for 10 and 5 gVS·L-1 were not significantly different 320 
(Table 2). 321 
 322 
3.4. Validation of inhibition analysis method 323 
The methodology used above to differentiate NH3 and NH4+ inhibition was further validated 324 
with DSHW. Fig. 4 shows the experimental and model results, demonstrating that the test and 325 
analysis methodology were applicable to this very different inoculum. The threshold 326 
inhibition function satisfactorily fitted the test results (R2 = 0.99) (Table 2).  327 
 328 
4. DISCUSSION 329 
Ammoniacal nitrogen is the most investigated/reported inhibitory compound in AD systems 330 
(Chen et al. 2008, Rajagopal et al. 2013, Yenigün and Demirel 2013). Hence, a robust 331 
methodology is needed to improve the interpretations of ammoniacal nitrogen inhibition as 332 
well as to prevent incorrect interpretation of inhibition results by AD academics and 333 
practitioners. Towards this end, the method developed in this study expands the inhibition 334 
protocol by Astals et al. (2015), specifically for ammoniacal nitrogen. 335 
 336 
4.1. Progress towards a robust assay for ammoniacal nitrogen inhibition testing 337 
The results showed that NH3 and NH4+ inhibition need to be jointly determined, which could 338 
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only be done by performing inhibition tests where both TAN and pH were varied. 339 
 340 
Ammonium chloride (NH4Cl) has been the most common source of TAN for ammoniacal 341 
nitrogen inhibition testing in batch assays (Lu et al. 2018, Tian et al. 2018). However, since 342 
NH4Cl is a mildly acidic salt, the pH of the test medium usually decreases when NH4Cl is 343 
added. For instance, in the digested sewage sludge test at 10 gVS·L-1, the pH of the digestion 344 
medium decreased from 7.57 (control) to 7.27 when 3 gTAN·L-1 was added by NH4Cl (see 345 
Table SI). Therefore, although TAN concentration was increased by ~500% in this specific 346 
example (from 0.6 to 3.6 gTAN·L-1), the resulting NH3 concentration only increased by 347 
~170% (from 22 to 59 mgNH3-N·L-1) (see Fig. SIII in the supplementary material). Using 348 
NH4Cl as unique TAN source is therefore not adequate because: (i) different TAN 349 
concentrations are only trialled at a single pH condition, which does not allow differentiating 350 
between NH3 and NH4+ inhibition, and (ii) the impact of NH4Cl on pH, limits the range of 351 
NH3 concentrations that can be achieved.  352 
 353 
To differentiate between NH3 and NH4+ inhibition, some authors adjusted the medium pH by 354 
adding HCl or NaOH solution (Hadj et al. 2009, Lay et al. 1998, Sung and Liu 2003). 355 
However, in the present study, salts (NH4HCO3 and NH4Cl) provided a more stable pH 356 
during the inhibition test (~1.5 days) than NH4Cl with NaOH pH adjustment (see Table SI). 357 
pH changes during the inhibition test causes uncertainty in estimates of NH3 concentration 358 
and makes it more difficult to establish cause-effect relationships between NH3 and SMA 359 
(see Fig. SI). Therefore, using NH4HCO3 and NH4Cl salts is preferred to minimise pH drift as 360 
compared to NH4Cl with initial pH adjustment. Furthermore, using salts to create pH 361 
differences at a single TAN concentration is simpler, quicker and more reliable than adjusting 362 
pH by the dropwise addition of an acid or alkali. 363 
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 364 
Other ammonium salts could have been used to induce different TAN and pH values such as 365 
NH4Br, (NH4)2HPO4, and (NH4)2CO3. However, bromide seems to be more inhibitory than 366 
chloride (Chen et al. 2008); phosphate can precipitate with NH4+ as struvite, thereby reducing 367 
TAN concentrations and pH; and carbonate is more alkali than bicarbonate, potentially 368 
increasing the pH above 8 that could lead to secondary inhibition mechanisms. The 369 
combination of NH4HCO3 and NH4Cl in different proportions could also be considered as an 370 
option, but makes the setting up of inhibition tests more time consuming. The results 371 
presented in this study showed that using NH4HCO3 and NH4Cl provided a large enough 372 
range of pH values (large enough difference in NH3 and NH4+ concentrations) to statistically 373 
identify inhibitors parameters of both inhibitors (see Table 2). A more alkaline salt e.g.  374 
(NH4)2CO3 could be used instead of NH4HCO3 if the pH variation is considered insufficient; 375 
however, the pH should be kept within the optimum of acetoclastic methanogens (i.e. 6.5-8) 376 
(Batstone et al. 2002). 377 
 378 
Once NH4HCO3 and NH4Cl were selected as preferred TAN source, the impact of inoculum 379 
dilution on test response was evaluated by diluting digested sewage sludge to 10 gVS·L-1 (1:1 380 
dilution) and 5 gVS·L-1 (1:3 dilution). Inoculum pre-dilution to 10 gVS·L-1 was previously 381 
suggested by Astals et al. (2015) to avoid the interferences caused by highly concentrated 382 
inoculum. However, inoculum dilution also helps to reduce background concentrations of 383 
inhibitory compounds. Therefore, when the inhibitor concentration in the inoculum is 384 
relatively high, it may be necessary to dilute the inoculum below 10 gVS·L-1. Experimental 385 
(Fig. 3) and model (Table 2) results showed that inoculum dilution did not have a significant 386 
impact on the inhibition test response or interpretation. However, inoculum dilution will 387 
affect the endogenous methane production (methane from the inoculum) and the sample 388 
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matrix. Therefore, it is recommended that any series of inhibition tests on the same inoculum 389 
be done at the same dilution level. Finally, excessive inoculum dilution is also not 390 
recommended since it may affect buffering capacity and availability of essential nutrients. 391 
 392 
4.2. Modelling ammonia and ammonium inhibition 393 
Most studies have used the non-competitive inhibition functions to describe inhibition by 394 
NH3 and other biostatic inhibitors (Batstone et al. 2002, Fitamo et al. 2016, Hierholtzer and 395 
Akunna 2012, Owhondah et al. 2016). However, the experimental results of the present study 396 
suggested that the non-competitive inhibition function is not suitable to describe the 397 
inhibition extent and pattern for NH3 and NH4+ on acetoclastic methanogenesis (see Section 398 
3.2 and Fig. SII). Other empirical inhibition functions have been previously used to model 399 
NH3 inhibition, such as the n-component non-competitive function (Siegrist et al. 2002), Hill-400 
function (Ramirez et al. 2009), and others (Hadj et al. 2009, Lokshina et al. 2003, Sung and 401 
Liu 2003, Wilson et al. 2012). Broadly, the key difference between these functions and the 402 
non-competitive inhibition function is their capacity to: (i) adjust to describe different 403 
inhibition patterns, and/or (ii) provide an inhibitor concentration lag, i.e. inhibitor 404 
concentration range where no inhibition occurs. The proposed threshold inhibition function 405 
(equation 5) has an advantage over other empirical inhibition functions, since it clearly 406 
identifies three key points of inhibition: the inhibitor concentration where inhibition starts 407 
(KImin), the inhibitor concentration where inhibition is almost complete (KImax), and the KI50 408 
(i.e. the average between KImin and KImax). Importantly, the results showed that threshold 409 
inhibition function was able to properly describe (R2 >0.99) the separate inhibition of NH3 410 
and NH4+ for three distinctive inocula under study (see Fig. 1, Fig. 3 and Fig. SII).  411 
 412 
Fig. 5 highlights inhibition model differences from an application perspective. Predicted 413 
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inhibition profiles is presented for the threshold and non-competitive models (best fit) 414 
describing inhibition by NH3 and NH4+ on the DPM test (see Section 3.1 and 3.2). The non-415 
competitive inhibition function displays a concave up decreasing curve that starts inhibiting 416 
as soon as the inhibitor is present, while the threshold inhibition shows a sigmoidal curve 417 
once the inhibitor concentration exceeds the onset concentration (KImin). The non-competitive 418 
inhibition pattern of inhibition predicted that concentrations as large as 500 mgNH3-N·L-1 419 
and 10000 mgNH4+-N·L-1 did not cause complete inhibition (unlike what is observed in 420 
reality). Overall, the fact that (i) inhibition started as soon as the inhibitor was present and 421 
that (ii) large inhibitor concentration did not cause complete inhibition (contrary to 422 
experimental observation), suggested that the non-competitive inhibition function was 423 
inadequate to represent NH3 and NH4+ inhibition in anaerobic systems.  424 
 425 
The need for a more suitable inhibition function than the non-competitive model for biostatic 426 
inhibitors is also evident when observing the inhibition profiles for sodium (Astals et al. 427 
2015, Soto et al. 1993b) and potassium (Chen and Cheng 2007). As stated by Batstone et al. 428 
(2015), the threshold inhibition function is an ideal candidate for use as a new standardised 429 
empirical equation for biostatic inhibition modelling, including as illustrated above for NH3 430 
and NH4+. Finally, it is worth mentioning that the confidence intervals of model parameters 431 
(KImin and KImax) are related to the (i) number of observations, (ii) positioning of the 432 
observations, (iii) conformity to the model, and (iv) inclusion of activity corrections to 433 
estimate NH3 and NH4+ concentration. Since there was a good conformity between the 434 
experimental data and the model outputs, the confidence intervals in Table 2 could have been 435 
reduced by (i) conducting initial tests to identify the optimal positioning of the experimental 436 
conditions and/or (ii) by increasing the number of concentrations tested. 437 
 438 
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4.3. Application and limitations of the free ammonia/ammonium inhibition test method 439 
The developed methodology provides a better understanding of ammoniacal nitrogen 440 
inhibition by (i) differentiating between NH3 and NH4+ inhibition, and (ii) improving NH3 441 
and NH4+ inhibition modelling. Such information could be used to (i) evaluate the risk 442 
associated with ammoniacal nitrogen inhibition, (ii) select and design mitigation strategies, 443 
and (iii) determine inhibition tolerance prior to a process change that markedly increases 444 
TAN in the digester (e.g. loading rate, co-digestion, pre-treatment, and recirculation). 445 
However, the developed method does not provide information about the mechanisms of 446 
inhibition nor does it foresee microbial acclimation capacity. For example, regarding the 447 
degradation pathway, the method does not allow one to determine if acetate conversion into 448 
methane has been through acetoclastic methanogenesis or syntrophic acetate oxidation (SAO) 449 
followed by hydrogenotrophic methanogenesis, nor if there is a degradation pathway shift as 450 
the NH3 and NH4+ concentration changes. Despite these limitations, the methodology can be 451 
applied to determine how a change in TAN concentration is to be managed as well as to 452 
monitor changes in microbial inhibition resilience over time. 453 
 454 
5. CONCLUSIONS  455 
A methodology has been developed and validated for assessing ammoniacal nitrogen 456 
inhibition. Experimental results showed that NH3 and NH4+ inhibition needs to be jointly 457 
determined and that this can only be achieved by inhibition tests at various TAN and pH 458 
values. A smaller pH drift between the beginning and end of an inhibition test (~1.5 days) 459 
indicated that the use of separate salts, NH4HCO3 and NH4Cl, was preferred over NH4Cl with 460 
pH adjustment. Results also showed that inoculum dilution below 10 gVS·L-1 did not affect 461 
inhibition test outputs, although excessive dilution is not recommended. Regarding inhibition 462 
modelling, a threshold inhibition function proved to be more suitable than a non-competitive 463 
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inhibition function (R2 >0.99 and ~0.70, respectively) to quantify the distinct contributions of 464 
NH3 and NH4+ to inhibition extent and inhibition pattern. The key advantage of the proposed 465 
threshold inhibition function is its capacity to identify the inhibition lower limit 466 
(concentration where inhibition starts; KImin) and upper limit (concentration where inhibition 467 
is complete; KImax), an aspect that the non-competitive model cannot represent. 468 
 469 
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Table 1. Inhibition test conditions of each experiment 
Experiment Inoculum Type Salt type  Added TAN (gN·L-1) 
1 DPM NH4Cl without pH adjustment 0, 2, 3, 4 and 5 
 NH4Cl with pH adjustment (7.40) 0, 2, 3, 4 and 5 
 NH4HCO3 0, 2, 3, 4 and 5 
2 DSS (10 gVS·L-1) NH4Cl without pH adjustment 0, 0.5, 1, 3, 5 and 8 
 NH4HCO3 0, 0.5, 1, 2, 3 and 5 
 DSS (5 gVS·L-1) NH4Cl without pH adjustment 0, 0.5, 1, 3, 5 and 8 
 NH4HCO3 0, 0.5, 1, 2, 3 and 5 
3 DSHW NH4Cl without pH adjustment 0, 0.5, 1, 3, 5 and 8 
 NH4HCO3 0, 0.5, 1, 2, 3 and 5 
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Table 2. Inhibition parameters and 95% confidence interval (in brackets) of all experiments 
carried out in this study. 
Parameter  
(mgN·L-1) DPM 
DSS 
(10 gVS·L-1) 
DSS 
(5 gVS·L-1) DSHW 
KImin,nh3  15 (1.5 – 29) 11 (3.0 – 19) 17 (4.8 – 30) 4.5 (0.0 – 16) 
KImax,nh3 131 (114 – 152) 137 (123 – 154) 139 (120 – 164) 102 (88 – 119) 
KImin,nh4 2714 (2360 – 3110) 802 (349 – 1511) 880 (276 – 1861) 2413 (1660 – 3670) 
KImax,nh4 4764 (4321 – 5247) 5170 (4359 - 6114) 4483 (3625 - 5437) 6056 (5067 - 7103) 
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A) 
 
B) 
 
Fig. 1. Experimental (symbols) and threshold inhibition model (solid lines) results in terms of 
(A) NH3 and (B) NH4+ concentration when using NH4HCO3 or NH4Cl (without and with pH 
adjustment) as inhibitor source on DPM inoculum. Error bars indicate the 95% confidence 
interval of the SMA values. Model parameters can be found in Table 2. 
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Fig. 2. Predicted ammoniacal nitrogen inhibition profile of DPM acetoclastic methanogenesis 
at different TAN and pH values. 
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A) 
 
B) 
 
Fig. 3. Experimental results of the ammonia nitrogen inhibition tests performed at two initial 
DSS concentrations, 10 gVS·L-1 (dotted line) and 5 gVS·L-1 (dashed line), in terms of (A) 
NH3 and (B) NH4+ concentration. Error bars indicate the 95% confidence interval of the SMA 
values. 
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A) 
 
B) 
 
Fig. 4. Experimental (symbols) and model (solid line) results of the inhibition series in terms 
of (A) NH3 and (B) NH4+ concentration on DSHW. Error bars indicate the 95% confidence 
interval of the SMA values. Model parameters can be found in Table 2. 
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Fig. 5. Comparison of the threshold inhibition function (blue lines) and the non-competitive 
inhibition function (orange lines) for NH3 and NH4+ for the DPM inhibition test. Model 
parameters can be found in Table 2. 
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HIGHLIGHTS 
- Method to quantify free ammonia and ammonium inhibition on acetoclastic methanogens 
- NH3 & NH4+ inhibition has to be jointly determined using various TAN and pH values 
- NH4Cl and NH4HCO3 are preferred over NH4Cl with pH adjustment 
- Under typical AD conditions, both NH3 and NH4+ contribute to inhibition 
- A threshold inhibition function reliably describes NH3 and NH4+ inhibition 
 
